H IV-infected individuals have high rates of cardiovascular disease including acute myocardial infarction, heart failure, and arrhythmias. [1] [2] [3] [4] [5] [6] The mechanism underlying this excess risk remains largely unknown but likely includes an interplay between traditional risk factors, antiretroviral therapy (ART), along with other HIV-related features. [7] [8] [9] A hallmark of HIV infection is increased inflammation that is present even in the setting of treated and suppressed HIV disease. 10 This chronic inflammation is thought to underlie non-AIDS events including cardiovascular disease. 11 In the SMART study, inflammatory and coagulation markers were strongly predictive of mortality and cardiovascular disease independent of viral load or CD4+ count. [12] [13] [14] Several different pathways contribute to this chronic inflammatory state in HIV. 15, 16 Ongoing activation of the immune system in virally suppressed individuals occurs through persistent low-level viral replication in protected cells and tissue, translocation of gut microbial products due to breakdown of gut mucosal defenses, and reactivation of chronic infections such as cytomegalovirus.
T cell and monocyte activation are independently associated with subclinical atherosclerosis in HIV-infected individuals on ART as measured by carotid intimal medial thickness or carotid artery stiffness. [24] [25] [26] [27] [28] [29] [30] [31] However, other studies have not found a relationship between T-cell activation and carotid intimal medial thickness or subsequent cardiovascular events in HIV-infected individuals. 32, 33 The vast majority of cardiovascular disease studies in HIVinfected adults have focused on clinical end points or measures of large-vessel (macrovascular) function. These include studies of flow-mediated dilation (FMD), coronary calcification, and carotid intimal medial thickness progression. FMD, a measure of endothelial dysfunction, assesses key steps in the initiation, perpetuation, and clinical manifestations of atherogenesis. 34, 35 However, the consistent findings that systemic markers of inflammation and hypercoagulability are elevated in HIV disease and strongly associated with cardiovascular disease suggest that microvascular disease may in fact be more prevalent in this patient population. 10, 36 Reactive hyperemia (RH) in the brachial artery is an assessment of microvascular function and serves as the stimulus for FMD. It is measured by Doppler and can be determined along with FMD during brachial artery reactivity studies. 37 Prior studies have shown that both RH and FMD are lower in HIV-infected individuals compared to healthy controls. 38, 39 The purpose of this study was to elucidate the role of inflammation, hypercoagulability, and T-cell immunity as potential determinants of endothelial function, particularly microvascular function, in HIV-infected individuals. In assessing endothelial function, we measured the response of the microvasculature and the macrovasculature using RH and FMD, respectively. Endothelial dysfunction occurs early on in atherosclerosis and precedes the development of morphological changes in the vasculature. 34 Thus, determining whether inflammation, hypercoagulability, and T-cell dysfunction are associated with endothelial dysfunction in HIV-infected individuals is an important step in understanding the mechanism underlying HIV-associated atherosclerosis and heightened cardiovascular risk in the setting of HIV.
Methods

Patient Selection
This was a cross-sectional study of HIV-infected adults from the SCOPE cohort. SCOPE is an observational prospective cohort based on the HIV/AIDS clinics at the San Francisco General Hospital and the San Francisco Veterans Affairs Medical Center. Each participant undergoes an in-depth questionnaire interview detailing their HIV disease history and overall medical history including cardiac risk factors. Participants in the SCOPE cohort are seen every 4 months for blood tests and are given questionnaires regarding medications, health-related behaviors, and symptoms. The University of California, San Francisco Committee on Human Research approved the study and all participants provided written informed consent. With respect to cardiac risk factors, hypertension and diabetes mellitus (DM) were defined using standard classifications. Total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, and triglycerides were measured after fasting for 12 hours. For HIV-specific factors, we measured current as well as nadir CD4 counts. Given that CD4/CD8 ratio is emerging as a prognostic marker and is independently associated with non-AIDS events or death, current CD8 levels were also measured. 40 There were a total of 358 participants in this study, with 250 on ART with suppressed HIV RNA levels (treated suppressed). There were 61 participants off ART with detectable HIV RNA (untreated noncontrollers), 25 participants off ART with a suppressed viral load (elite controllers), and 22 participants on ART with an elevated viral load. Total duration of ART including the duration for nucleoside reverse transcriptase inhibitors, nonnucleoside reverse transcriptase inhibitors, and protease inhibitors was measured for each individual.
Measurement of Plasma Biomarkers
Soluble markers of inflammation (interleukin-6, tumor necrosis factor [TNF]-a, high-sensitivity C-reactive protein, sCD14), coagulation (D-dimer, fibrinogen), macrophage activation (sCD163), and prior cytomegalovirus exposure (cytomegalovirus immunoglobulin G [IgG]) were measured in cryopreserved plasma samples using a multiplex electrochemiluminescence assay (Meso Scale Discovery, MD). 
Measurement of T-Cell Phenotype
Measurement of Endothelial Function
High-resolution 10-MHz linear array ultrasound probe and the GE Vivid 7 Imaging Console were used to measure endothelial function in the right brachial artery immediately proximal to the antecubital fossa. Participants were asked not to consume any food, alcohol, caffeine, or nicotine 12 hours prior to the study. Measurements were done in a dark and quiet room while the participant was lying supine. FMD was quantified by inflating a forearm cuff to a suprasystolic pressure for 5 minutes in order to create an ischemic stimulus. Subsequently, the change in brachial artery diameter was measured every 15 s using B-mode ultrasound 30 to 120 s following cuff deflation. FMD was calculated as the percent change between the maximum post cuff release brachial artery diameter and the baseline diameter. RH was quantified using spectral Doppler images for the first 15 s following cuff release. Maximal RH was measured as the Doppler mean velocity-time integral of the first 3 complete beats after cuff release. Analysis of digitized images was performed using dedicated software (Medical Imaging Applications, LLC, Coralville, IA). The level of reproducibility for both FMD and RH is excellent in our laboratory as described in previous studies. 41 On repeat assessments of FMD, the coefficient of variation has been 2.7% and the intraclass correlation coefficient has been 0.98, indicating high reproducibility. Similarly, on repeat measurements of RH, the coefficient of variation has been 0.65% and the intraclass correlation coefficient has been 0.99.
Statistical Analyses
For all HIV groups, continuous variables were expressed as the median (and interquartile range). Categorical variables were expressed as percent. We used both unadjusted and multivariable adjusted generalized linear regression (using a log link function) 42 in order to examine relationships of T-cell phenotypes and inflammatory markers with endothelial function, in separate models for FMD and RH. Multivariable models were adjusted for demographics (age, sex, race/ ethnicity), traditional cardiac risk factors (DM, hypertension, hyperlipidemia, and smoking), and co-infections (hepatitis C virus, opportunistic infections). Each T-cell marker and plasma marker was included individually and not simultaneously in the models. Hepatitis B virus and concurrent neoplasms were also identified but given their low prevalence in the cohort, they were not incorporated into the multivariable models. We constructed models using all HIV+ subjects, and also using the treated suppressed group only. Similar models were constructed to determine the association between HIV-related factors and endothelial function. Each HIV-related factor was included individually and not simultaneously in the models.
Measures that were right-skewed such as T-cell phenotypes and inflammatory markers were log transformed in order to normalize their distributions. We calculated the standardized regression coefficients for T-cell phenotypes, inflammatory markers, and HIV-related continuous variables to reflect the effects with 1 SD increment. Since FMD and RH also showed right-skewed distributions, each outcome was log-transformed for analysis; results were back-transformed to produce estimated percentage differences.
We also sought to determine whether inflammatory markers were important mediators of the relationship between T-cell phenotypes and endothelial dysfunction in the treated and suppressed group. 42 An inflammatory marker was considered a mediator if it was significantly associated with the T-cell marker and endothelial dysfunction (at the 0.05 level in multivariable analysis). Mediation models were constructed for that T-cell marker if it showed a significant association with endothelial dysfunction (also at the 0.05 level in multivariable analysis). The coefficients estimating the associations between the T-cell phenotype and endothelial dysfunction were compared in models before and after adjustment for the inflammatory marker. Diminishing coefficient would indicate complete or partial mediation effect by inflammatory markers. Additionally, we tested for interactions between T-cell phenotypes and inflammatory markers in order to assess the presence of moderated mediation. All analyses were performed using the SAS system, version 9.4 (SAS Institute, Inc, Cary, NC).
Results
Clinical Characteristics
We studied 358 HIV-infected individuals. A large majority, 250 subjects, were in the treated and suppressed group. About 24% of the subjects were untreated and only 6% were on antiretroviral therapy but still had a detectable viral load. As shown in Table 1 , the median age was 50 years and 84% were male. Sixty-one percent were white, 22% black, and 11% Hispanic. The median duration of HIV infection was 15 years and the median CD4 T-cell count was 542 cells/mm 3 . While many of the individuals had cardiovascular risk factors such as hypertension (42%) and smoking (31%), relatively few had DM (8%), and the median total cholesterol was within the normal range. The traditional risk factor profile was similar among the treated and suppressed group as compared to the other HIV-infected individuals. Nearly all of the HIV-infected participants were cytomegalovirus seropositive (98%). 
Expression of T-Cell Markers Is Increased in the Treated Suppressed Group
Compared to subjects who were untreated with an elevated viral load, those in the treated and suppressed group had significantly increased expression of multiple different T-cell markers ( Table 2 ). This was true for both CD4+ and CD8+ T cells expressing PD1. However, there was no difference between the 2 groups in the CD4+ IFN+ cytomegalovirus specific T-cell subset.
CD8+PD1+ T Cells Are Associated With Microvascular Dysfunction
We examined the association between T-cell phenotypes and microvascular dysfunction as measured by RH (Table 3) . Among all HIV+ subjects, after adjustment for demographics, cardiovascular risk factors, and co-infections, CD8+PD1+ and CD4+IFN+cytomegalovirus-specific subsets were significantly associated with worse RH. Findings were similar and directionally consistent when we restricted the analysis to those who were treated and suppressed, although only the CD8+PD1+ subset remained statistically significant.
T-Cell Dysfunction Is Not Associated With Macrovascular Dysfunction
We then investigated which T-cell phenotypes were associated with macrovascular dysfunction as measured by FMD. Among all HIV+ subjects, after adjustment for demographics, traditional cardiovascular risk factors, and co-infections, the T-cell markers showed little association with FMD. These findings were similar when the analysis was restricted to the treated and suppressed individuals only (Table 3 ). Thus, CD8+PD1+ T cells were associated with microvascular dysfunction in all HIV+ subjects as well as the treated and suppressed subset, but they had no association with macrovascular dysfunction.
TNF-a Is Associated With Microvascular Dysfunction
Among all HIV+ subjects, D-dimer, TNF-a, high-sensitivity C-reactive protein, sCD-14, and interleukin-6 were associated with significantly worse RH after adjustment for demographics, cardiovascular risk factors, and co-infections. Results were similar when the analysis was restricted to the treated suppressed group, although only TNF-a remained associated with significantly worse RH in adjusted analysis (Table 4) .
Cytomegalovirus IgG Is Associated With Macrovascular Dysfunction
In all HIV+ subjects, cytomegalovirus IgG and fibrinogen were significantly associated with worse FMD after adjustment for demographics, cardiovascular risk factors, and co-infections.
Results were similar when we restricted the analysis to the treated suppressed group, although only cytomegalovirus IgG remained significantly associated with worse FMD (Table 4) . Thus, while TNF-a was associated with microvascular dysfunction, prior infection with cytomegalovirus was associated with macrovascular dysfunction.
Effect of TNF-a on the Association Between CD8+PD1+ T-Cell Marker and Microvascular Dysfunction
Given that both TNF-a and CD8+PD1+ T-cell marker were significantly associated with microvascular dysfunction in the treated and suppressed group, we evaluated whether TNF-a was a mediator of the association between CD8+PD1+ T cell and RH. In unadjusted analysis, we found that each 1 SD increase in TNF-a was associated with a 12.1% decrease in CD8+PD1+ T cells (95% CI: À22.5 to À0.3, P=0.04). After adding TNF-a to the multivariable adjustment model used for Table 3 , the association of CD8+PD1+ T cells with RH weakened from À11.2% (P=0.02) to À8.1% (P=0.09), while TNF-a remained strongly associated with lower RH (À12.5%, P=0.001). We found that the test for interaction between CD8+PD1+ T cells and TNF-a was positive and marginally significant (+8.3%, P=0.07), suggesting that the negative effect of CD8+PD1+ T cells on RH was reversed as TNF-a increased.
Total CD8+ T-Cell Counts Are Associated With Endothelial Dysfunction
Finally, we assessed the association of traditional markers of HIV disease progression with vascular function. Among all HIV+ subjects, greater CD8+ T-cell count was associated with worse FMD after adjusting for demographics and traditional cardiovascular risk factors (Table 5 ). In the treated and suppressed cohort, greater CD8+ T-cell count was associated with worse RH after adjusting for demographics and traditional cardiovascular risk factors. Higher CD4/CD8 ratio was not associated with improved FMD or RH after adjustment in either group.
Discussion
In this relatively large cross-sectional study of treated and untreated HIV-infected adults, we investigated associations of markers of inflammation, coagulation, and T-cell phenotype with vascular function. In addition to measuring large-vessel function (FMD), we measured for the first time small-vessel function (as assessed by RH). We identified several markers of inflammation and immune phenotype that were associated with microvascular dysfunction, even after controlling for demographic, traditional cardiovascular risk factors, and coinfections. Among HIV-infected adults on effective ART (suppressed viremia), the total CD8+ T-cell count, the frequency of CD8+ T cells that express PD-1, and the inflammatory cytokine TNF-a were each associated with worsened microvascular disease. Among a larger cohort of treated and untreated HIV-infected adults, a broader panel of markers was linked to microvascular dysfunction, including the frequency of CD8+PD1+ and CD4+IFN+cytomegalovirus-specific responses, as well TNF-a, high-sensitivity C-reactive protein, D-dimer, interleukin-6, and sCD-14. Importantly, we found that macrovascular function (FMD) significantly correlated with microvascular function (RH), and that the major factors associated with FMD were cytomegalovirus IgG and fibrinogen.
We focused specifically on the treated and suppressed subgroup of the cohort for a few reasons. First, studies have demonstrated that endothelial dysfunction persists in the setting of treated HIV infection and these individuals have an increased risk of cardiovascular disease. 3, 39 Accordingly, the impact of immune activation and inflammation on endothelial function is likely distinct in the treated and suppressed subgroup. Thus, focusing on this subgroup allows us to better characterize the relationship between immune activation and vascular function in the setting of controlled HIV infection. Second, this subgroup has become the most clinically relevant as initiation of antiretroviral therapy upon the diagnosis of HIV has become the standard of care. Due to the small number of subjects in each of the remaining 3 subgroups, we did not do separate analyses for the treated and unsuppressed, untreated and suppressed, and untreated and unsuppressed subgroups. While in the general population, RH is predictive of FMD, macrovascular and microvascular functions are relatively independent in patient with rheumatoid arthritis, which suggests differential regulation of endothelial function in these two vascular beds. 43 Given that HIV and rheumatoid arthritis are chronic inflammatory diseases, we wanted to evaluate whether RH and FMD are uncoupled in the setting of HIV infection as well. However, we found in our entire cohort as well as the treated suppressed group that RH was strongly and independently associated with FMD after adjusting for cardiovascular risk factors. Impaired RH has recently been identified as more predictive than FMD of cardiovascular events in the general population. 44, 45 We showed that specific T-cell phenotypic markers were associated with endothelial dysfunction in the general HIV population as well as in the treated suppressed group. Interestingly, these T-cell markers were predictive of worsened RH but showed little or no association with FMD. One explanation for this finding could be that FMD represents the combination of conduit artery endothelial function as well as the hyperemic stimulus. 46 Thus, in order to truly differentiate macrovascular from microvascular function, FMD must be adjusted for RH-induced shear stress. 46 Therefore, our results suggest that T-cell activation plays a role in endothelial dysfunction at a microvascular level in HIV-infected individuals and that poor macrovascular function in HIV infection might be secondary to diseased microvasculature. The total CD8+ T-cell count and the frequency of CD8+ PD1+ T cells were associated with worse RH in the treated suppressed group. This is the first study that has reported this association in HIV-infected or uninfected individuals. The role of the PD-1 pathway in HIV infection is complex and remains poorly understood. In acute viral infections, CD8+ T cells are activated and undergo massive expansion, resulting in upregulation of PD-1. 47 In chronic infections, the frequency of PD-1 expressing cells remains elevated and likely contributes to persistent adaptive immune dysfunction. This in turn likely contributes to excess burden of other microbes (eg, cytomegalovirus, microbial translocation) and perhaps excess risk of malignancy. 48 Persistent elevations in CD8+ T-cell count during ART (often measured as a low CD4/CD8 ratio) are associated with chronic inflammation and have been consistent predictors of cardiovascular complications, non-AIDS morbidity, and overall mortality. 40, [49] [50] [51] [52] Expansion of CD8+ T cells are associated with T-cell activation, senescence, and altered CD4/CD8 ratio in the gut mucosa. 40 Given these results, PD-1 inhibitors could be potential therapeutic targets for treatment of cardiovascular disease in chronic HIV infection. Cytomegalovirus co-infection likely contributes to persistent inflammation and expansion in CD8+ T-cell counts during ART. 18, 49, 53, 54 Cytomegalovirus-associated inflammation may also contribute to cardiovascular disease in HIV-infected adults. 32, 55, 56 In the Heart Outcomes Prevention Evaluation study, patients with positive cytomegalovirus serology had an increased risk of myocardial infarction, stroke, or cardiovascular death. 57 Cytomegalovirus has also been associated with subclinical atherosclerosis in the Multi-Ethnic Study of Atherosclerosis. 58 In our current study, we found that the CD4+ IFN+cytomegalovirus-specific T-cell activation marker was associated with worse RH in all HIV+ subjects. Comparable nonsignificant trends were observed in treated and suppressed individuals. These data collectively suggest that cytomegalovirus infection contributes to CD8+ T-cell expansion, persistent activation of potentially harmful inflammatory pathways, microvascular dysfunction, and cardiovascular disease. In all HIV+ subjects, fibrinogen had a significant negative association with FMD while D-dimer had a significant negative association with RH. Both associations weakened among the treated and suppressed individuals. Since both fibrinogen and D-dimer are proinflammatory markers in the coagulation cascade, these results indicate that a prothrombotic state contributes to microvascular and macrovascular dysfunction.
As discussed, both TNF-a and CD8+PD1+ T cells had a negative association with RH in the treated and suppressed group after adjusting for potential confounding factors. However, TNF-a also had a significant negative association with CD8+PD1+ T cells. But when TNF-a was added to the multivariable adjustment model, the association between CD8+PD1+ T cells and RH weakened. This finding may reflect the effect of an unmeasured confounding variable as opposed to a true mediation effect of TNF-a, given the negative association between TNF-a and CD8+PD1+ T cells. Alternatively, this may represent moderated mediation, where the effect of CD8+PD1+ T cells on RH differs depending on the level of inflammation. Our analysis found that CD8+PD1+ T cells were associated with worsening RH in the absence of TNF-a, but this relationship appeared to reverse with increasing levels of TNF-a. This reversal in relationship (ie, CD8+PD1+ T cells become protective) is supported by the fact that activation of the PD1 pathway in T cells can have an inhibitory effect and lead to decreased production of cytokines such as TNF-a. 47 Thus, the negative effect of CD8+PD1+
T cells on RH we have shown here indicates a separate mechanism (Figure) . The main limitation of our study is its cross-sectional design. Endothelial dysfunction might reflect a cumulative effect of various factors, whereas the T cell and the inflammatory marker levels were measured only at a single time point. Therefore, we performed multivariable regression analysis to control for traditional cardiovascular factors in order to determine whether T-cell activation and the plasma markers remained predictive of endothelial dysfunction. However, there could be other confounding factors in this population that we did not take into account.
In conclusion, we evaluated the interplay between T-cell phenotypes, markers of inflammation/coagulation, cytomegalovirus, and endothelial dysfunction as measured by RH and FMD in HIV-infected individuals. Our findings show that T-cell dysfunction in HIV is preferentially associated with the microvasculature as assessed by RH. Since RH was strongly coupled to FMD, our study suggests that worse macrovascular function in HIV could be due to the influence of inflammation/immune activation on the microvasculature. We identified markers of inflammation, specifically TNF-a, coagulation, and measures of CD8+ T-cell dysfunction (CD8+PD1+) and cytomegalovirus-associated CD4+ T-cell dysfunction that, could serve as potential targets for future interventions. Future studies are under way to investigate the impact of lowering inflammation on endothelial function and cardiovascular risk.
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